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The NS1 protein of influenza A virus (NS1A protein) is a multifunc-
tional protein that counters cellular antiviral activities and is a
virulence factor. Its N-terminal RNA-binding domain binds dsRNA.
The only amino acid absolutely required for dsRNA binding is the
R at position 38. To identify the role of this dsRNA-binding activity
during influenza A virus infection, we generated a recombinant
influenza A�Udorn�72 virus expressing an NS1A protein containing
an RNA-binding domain in which R38 is mutated to A. This R38A
mutant virus is highly attenuated, and the mutant NS1A protein,
like the WT protein, is localized in the nucleus. Using the R38A
mutant virus, we establish that dsRNA binding by the NS1A protein
does not inhibit production of IFN-� mRNA. Rather, we demon-
strate that the primary role of this dsRNA-binding activity is to
protect the virus against the antiviral state induced by IFN-�.
Pretreatment of A549 cells with IFN-� for 6 h did not inhibit
replication of WT Udorn virus, whereas replication of R38A mutant
virus was inhibited 1,000-fold. Using both RNA interference in
A549 cells and mouse knockout cells, we show that this enhanced
sensitivity to IFN-�-induced antiviral activity is due predominantly
to the activation of RNase L. Because activation of RNase L is totally
dependent on dsRNA activation of 2�-5� oligo (A) synthetase (OAS),
it is likely that the primary role of dsRNA binding by the NS1A
protein in virus-infected cells is to sequester dsRNA away from
2�-5� OAS.

dsRNA-binding � IFN-�

Influenza A viruses cause a highly contagious respiratory
disease in humans and are responsible for the periodic wide-

spread epidemics, or pandemics, that have caused high mortality
rates (1). The most devastating pandemic occurred in 1918,
resulting in �30 million deaths worldwide (2). The avian influ-
enza A viruses (H5N1 viruses), which are currently circulating
primarily in Asia, are strong candidates for causing the next
pandemic if they acquire the ability for efficient human-to-
human transmission (3, 4). These viruses, which have so far been
transmitted largely from chickens to humans, are highly virulent,
resulting in death in �50% of infected humans. It is not known
why these viruses are so virulent, and only a few of the molecular
determinants of their virulence have been identified.

The NS1 protein of influenza A virus (NS1A protein) plays a
large role in countering host cell antiviral defenses (5, 6) and is
expected to play important roles in viral virulence (3, 4). The
NS1A protein is a multifunctional protein that participates in
both protein–RNA and protein–protein interactions (7). Its
RNA target is A-form dsRNA (8–11), and it binds and inhibits
the function of two cellular proteins that are required for the 3�
end processing of cellular pre-mRNAs: the 30-kDa subunit of the
cleavage and polyadenylation specificity factor (CPSF) and
poly(A)-binding protein II (PABII) (13, 14). The dsRNA-
binding domain comprises the 73 amino-terminal amino acids of
the NS1A protein and forms a symmetric homodimer with a
unique six-helical chain fold (15–17). This structure differs from
that of the predominant class of dsRNA-binding domains,

termed dsRBDs, which are found in a large number of cellular
proteins (18–20). Because the NS1A dsRBD has a much lower
affinity for dsRNA than cellular dsRBDs (10, 11, 21, 22), it has
not been clear that the NS1A protein would effectively compete
for dsRNA with dsRBD-containing cellular proteins during
virus infection.

In fact, the role of the dsRNA-binding activity of the NS1A
protein during influenza A virus infection has not been identi-
fied. We have shown that the latent protein kinase PKR is not
activated in cells infected with a recombinant inf luenza
A�Udorn�72 virus expressing an NS1A protein lacking dsRNA-
binding activity (23), demonstrating that sequestering of dsRNA
by the NS1A protein is not the mechanism by which PKR
activation is inhibited during influenza A virus infection. A
previous study (24) reported that high levels of IFN-� and its
mRNA were produced in cells infected with a recombinant
influenza A�WSN�33 virus expressing an NS1A protein with a
mutated RNA-binding domain (24). However, in the present
study, we show that this mutant WSN NS1A protein is located
in the cytoplasm, rather than the nucleus of infected cells, and
our results reveal that the phenotype of this mutant WSN virus
is due to the mislocalization of the mutant NS1A protein rather
than to the loss of NS1A dsRNA-binding activity. This conclu-
sion is based on experiments using a recombinant A�Udorn�72
virus expressing an NS1A protein lacking RNA-binding activity.
Because this mutant NS1A protein is localized in the nucleus of
infected cells, the attenuation of the Udorn mutant virus can be
attributed solely to the loss of the dsRNA-binding activity of the
NS1A protein. Using this mutant Udorn virus, we establish that
the dsRNA-binding activity of the NS1A protein does not play
a role in inhibiting the production of IFN-� mRNA but rather
is required for the protection of influenza A virus against the
antiviral state induced by IFN-�. Further, we demonstrate that
the NS1A dsRNA-binding activity provides this protection pri-
marily by inhibiting the IFN-���-induced 2�-5�-oligo (A) syn-
thetase (OAS)�RNase L pathway.

Results
The Udorn NS1A Protein Lacking dsRNA-Binding Activity Is Localized
in the Nucleus of Virus-Infected Cells. The only amino acid that is
absolutely required for dsRNA binding by the NS1A protein is
the R at position 38, so that mutation of R38 to A eliminates
dsRNA binding (10). To determine the role of dsRNA binding
by the NS1A protein during influenza A virus infection, we
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generated a recombinant influenza A�Udorn�72 expressing a
mutant R38A mutant NS1A protein. This recombinant virus is
highly attenuated: it formed pin-point plaques in Madin–Darby
canine kidney (MDCK) cells, and the virus yield at low multi-
plicity of infection (moi) of 0.001 plaque-forming units (pfu) per
cell was �1,000-fold lower than with WT virus (Fig. 1).

Determining how the loss of the dsRNA-binding activity of the
NS1A protein causes this high level of virus attenuation is
complicated by the fact that mutation of R38 to A also inactivates
the nuclear localization signal (NLS1) that is coincident with the
RNA-binding domain (25). However, the NS1A protein of
influenza A�Udorn�72 virus contains another NLS (NLS2), a
bipartite NLS that extends from amino acid 219 to the C-
terminal 237 aa (K. Melen, L. Kinnunen, R.M.K., and I.
Julkunen, unpublished results). As shown in Fig. 2, in cells
infected with the Udorn R38A mutant virus, the NS1A protein
was localized in the nucleus, as was the case for the NS1A protein
in WT virus-infected cells. In contrast, the NS1A protein of
influenza A�WSN�33 has only the NLS1 that is coincident with
the RNA-binding domain, because a stop codon at position 230
disrupts the NLS2 sequence. Consequently, in cells infected with
the WSN R38A, K41A mutant virus, the NS1A protein was
localized in the cytoplasm, in contrast to the situation in cells
infected with WT WSN virus (Fig. 2). The mislocalization of this
WSN NS1A mutant protein likely accounts for the high levels of
IFN-� and its mRNA that were reported to be induced in cells
infected by the WSN R38, K41 mutant virus (24), because this
phenotype was not exhibited by the Udorn R38A mutant virus,
as documented below.

The Udorn R38A Mutant Virus Exhibits No Detectable Defect During
Single-Cycle Virus Growth and Does Not Induce Higher Levels of IFN-�
mRNA. To determine whether the loss of RNA-binding activity of
the NS1A protein affects one or more steps in virus replication,
we measured the time course of virus-specific protein synthesis
and of infectious virus production during single-cycle growth of
the Udorn WT and R38A mutant viruses. MDCK cells were
infected with either virus at an moi of 5, and the time course of
virus-specific protein synthesis was determined by labeling the
cells for 30 min with [35S]methionine and cysteine at various
times after infection (Fig. 3A). No difference in the time course
and rate of virus-specific protein synthesis between WT and
R38A virus-infected cells was detected, demonstrating that

virus-specific protein synthesis was not affected by the loss of the
RNA-binding activity of the NS1A protein. In addition, the time
course of production of infectious virus was the same in cells
infected by either virus (Fig. 3B), demonstrating that all of the
essential steps in virus replication were not affected by the loss
of the RNA-binding activity of the NS1A protein. The same
results were observed in single-cycle experiments in human A549
cells (see Fig. 4 below).

We also determined whether the loss of the dsRNA-binding
activity of the NS1A protein affected the production of IFN-�
mRNA during single-cycle virus growth. Human A549 cells were
used for these experiments. As shown previously, WT Udorn
virus activates IFN regulatory factor 3 (IRF-3), but the produc-
tion of mature IFN-� mRNA is low because the NS1A protein
binds and inhibits the function of two cellular proteins that are
essential for the 3� end processing of cellular pre-mRNAs, the
30-kDa subunit of CPSF (CPSF30) and poly(A)-binding protein
II (7, 26). Mutational inactivation of the NS1A site for binding
CPSF30 was shown to result in a large increase in IFN-� mRNA
production and substantial (1,000-fold) attenuation of the virus
(CPSF mutant virus) (7, 27). This increase in IFN-� mRNA
production serves as a benchmark for the levels of IFN-� mRNA
that result in substantial virus attenuation. We used quantitative
RT-PCR to measure the amount of IFN-� mRNA produced
after infection with the WT, R38A mutant and a CPSF mutant
virus (Fig. 3C). Whereas the CPSF mutant virus induced �70
times more IFN-� mRNA than WT virus, the R38A mutant virus
induced the same amount of IFN-� mRNA as WT virus.
Approximately equal amounts of the NS1A protein were syn-
thesized in cells infected at an moi of 5 with the three viruses
(Fig. 3A and ref. 27). These results show that the loss of
RNA-binding activity of the NS1A protein does not affect IFN-�
mRNA production.

The Udorn R38A Mutant Virus Has Enhanced Sensitivity to the Antiviral
State Induced by IFN-�. Because the R38A mutation did not affect
either the production of IFN-� mRNA or virus replication
during single-cycle growth, we reasoned that the attenuation of

Fig. 1. The R38A influenza A�Udorn�72 mutant virus is attenuated. (Upper)
Size of the plaques of the WT and R38A mutant viruses on MDCK cells. (Lower)
Growth curve of the WT and R38A mutant viruses after low moi of MDCK cells.

Fig. 2. Intracellular localization of the NS1A protein encoded by WT and
R38A mutant influenza A�Udorn�72 viruses (Upper) and by WT and R38A,
K41A mutant influenza A�WSN�33 viruses (Lower).
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the Udorn R38A virus was likely due to an enhanced sensitivity
to one or more antiviral proteins induced by IFN-�. To deter-
mine whether this is the case, human A549 cells were treated
with 100 units�ml IFN-� for 6 h and were then infected with
either Udorn WT or R38A mutant virus at an moi of 5 (Fig. 4).
We measured the time course of virus replication relative to that
seen in cells that were mock-treated for 6 h before infection. In
the absence of IFN-� pretreatment, the time course of virus
production was the same in cells infected by either virus, as was
the case in MDCK cells. In contrast, after IFN-� pretreatment
for 6 h, there was a dramatic difference in the subsequent
replication of the two viruses. Whereas this IFN-� pretreatment
had no detectable effect on the growth of WT Udorn virus, it
caused a substantial inhibition of the growth of the R38A mutant
virus. The rate of virus replication and virus yield of the R38A
mutant virus was reduced �1,000-fold. We conclude that the loss
of the RNA-binding activity of the NS1A protein rendered the
R38A mutant virus susceptible to the actions of one or more
antiviral proteins induced by the 6-h pretreatment with IFN-�.

Activation of the 2�-5� OAS�RNase L Pathway Is the Primary Cause of
the Enhanced Sensitivity of the R38A Mutant Virus to IFN-�. IFN-�
has been shown to induce the synthesis of two antiviral proteins
that are activated by dsRNA: PKR and 2�-5� OAS (28). We have
shown previously that the RNA-binding domain of the NS1A
protein is not responsible for blocking the activation of PKR in
virus-infected cells (23). Consequently, we focused on the pos-
sibility that activation of 2�-5� OAS causes the inhibition of the
replication of the R38A mutant virus after IFN-� treatment.
Once activated, 2�-5� OAS polymerizes ATP into 2�-5� oligo (A)
chains, which in turn activates the latent RNase L that degrades
mRNAs and ribosomal RNAs and as a result inhibits virus
replication (28, 29).

Because there are multiple isoforms of 2�-5� OAS (28), we
used small interfering RNAs (siRNAs) to deplete RNase L
rather than 2�-5� OAS and determined whether this depletion
relieved the inhibition of the replication of the R38A mutant
virus after IFN-� treatment. As shown in Fig. 5A, transfection of

Fig. 3. The Udorn R38A mutant virus exhibits no detectable defect during
single-cycle virus growth and does not induce higher levels of IFN-� mRNA. (A)
Viral protein synthesis after infecting MDCK cells with either WT or R38A
Udorn virus at an moi of 5. Infected cells were labeled with [35S]methionine
and [35S]cysteine at the indicated times after infection, and the radiolabeled
proteins were analyzed by SDS�PAGE. The mobility of the R38A mutant NS1A
protein is reduced relative to that of the WT NS1A protein. As a consequence,
the R38A NS1A protein and the M1 protein have similar, but not identical,
mobilities. These two proteins can be resolved by electrophoresis on higher
concentration gels, which reveals that the relative amounts of M1 and NS1 are
the same in WT and R38A virus-infected cells. (B) Growth curve of the WT and
R38A mutant viruses after infecting MDCK cells at an moi of 5. (C) The relative
amount of IFN-� mRNA produced during single-cycle growth in MDCK cells of
WT, R38A mutant, and CPSF mutant viruses. At the times after infection
indicated, cells were collected, and the total RNA was extracted. The amount
of IFN-� mRNA was determined by using quantitative RT-PCR.

Fig. 4. The Udorn R38A mutant virus has enhanced sensitivity to the antiviral
state induced by IFN-�. A549 cells were treated or mock-treated with 100
units�ml IFN-� for 6 h. The cells were then infected with WT or R38A mutant
virus at an moi of 5, and virus production was assayed as described in Materials
and Methods.
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A549 cells with these specific siRNAs reduced RNase L to a level
that was not detectable in an immunoblot. We also verified that
2�-5� OAS was synthesized as a result of IFN-� treatment. The
replication of WT virus was not affected by depletion of RNase
L, whereas the IFN-�-mediated inhibition of the replication of
the R38A mutant virus was substantially relieved. The rate of
replication and yield of R38A virus was increased �100-fold
relative to that produced in cells treated with a control siRNA.
Consequently, RNase L, whose activation is mediated by acti-
vated 2�-5� OAS, plays a large role in the IFN-�-induced
inhibition of the replication of the R38A mutant virus.

Although RNase L was not detected by an immunoblot after
transfecting human A549 cells with RNase L-specific siRNAs, it
was possible that some residual RNase L enzyme was still present
and therefore might be activated to inhibit the replication of the
R38A mutant virus, although inefficiently. To test this possibil-
ity, we carried out experiments using mouse cells lacking the
RNase L gene (30). These mutant mouse cells (RNase L�/�) and
WT mouse cells (RNase L�/�) were treated with mouse IFN-�
for 6 h and were then infected with either Udorn WT or R38A
mutant virus at an moi of 5 (Fig. 5B). The replication of WT virus
was the same in the WT and mutant mouse cells after IFN-�
treatment, verifying that the 2�-5� OAS�RNase L pathway does
not affect WT virus. In contrast, the replication of the R38A
virus differed substantially between the two mouse cell lines
after IFN-� treatment. In the WT mouse cells, the replication of
the R38A virus relative to that of Udorn WT virus was severely
inhibited (�1,000-fold), similar to the situation in IFN-�-treated
human A549 cells. In the mouse RNase L�/� cells, this inhibition
was substantially relieved: the rate of replication and yield of the
R38A virus was 100- to 200-fold greater than in the WT mouse
cells. Thus, the 2�-5� OAS�RNase L pathway is responsible for
most, but not all, of the sensitivity of the R38A mutant virus to
the 6-h treatment with IFN-�.

Discussion
The N-terminal RNA-binding domain of the NS1A protein of
influenza A virus binds a wide range of dsRNA sequences, with
no sequence specificity (8–11). Recent structural data have
shown that dsRNA is recognized via two tracks of basic amino
acids that align with the polyphosphate backbone of canonical
A-form dsRNA (C. Yin, J. A. Khan, G. V. T. Swapna, R.M.K.,
L. Tong, and G. T. Montelione, unpublished results). These
tracks include R38 in both chains of the dimeric structure of the
RNA-binding domain. Several of the amino acids, including R38,
that participate in the recognition of dsRNA are also required
for the binding of importin-�, which mediates the nuclear import
of the NS1A protein (K. Melen, L. Kinnunen, R.M.K., and I.
Julkunen, unpublished results). As is the case for other nuclear
import pathways (31), importin-� would be dissociated from its
NS1A protein cargo in the nucleus and exported to the cyto-
plasm to mediate the nuclear import of other NS1A protein
molecules. Consequently, in the cytoplasm, but not in the
nucleus, importin-� would be expected to compete with dsRNA
for binding to the RNA-binding domain of the WT NS1A
protein.

Our results demonstrate that the primary role of the
dsRNA-binding activity of the NS1A protein in infected cells
is to protect the virus against the antiviral state induced by
IFN-���. We were able to establish this role of the NS1A
protein in the context of inf luenza A virus-infected cells by
using a recombinant inf luenza A�Udorn�72 virus that ex-
presses an NS1A protein with a point mutation, R38A, that
eliminates its dsRNA-binding activity (9). This mutated NS1A
protein, like the WT NS1A protein, is localized in the nucleus.
Although the R38A mutation also inactivates the NS1A NLS
that is coincident with the RNA-binding domain, the Udorn
NS1A protein has a second NLS at its C terminus that is
sufficient for importing the R38A mutant NS1A protein into
the nucleus. Therefore, mutational elimination of the binding
of importin-� to the RNA-binding domain has no apparent
effect on the function of the Udorn NS1A protein during
infection, and the attenuation of the R38A mutant virus can
be attributed to the loss of the dsRNA-binding activity of the
NS1A protein. We found that the R38A mutant virus differed
from WT Udorn virus in only one property, sensitivity to the
antiviral state induced by IFN-�. Thus, pretreatment of human
A549 cells with IFN-� for 6 h had no detectable effect on the
replication of WT Udorn virus, whereas the replication of the

Fig. 5. Activation of the 2�-5� OAS�RNase L pathway is the primary cause of
the enhanced sensitivity of the R38A mutant virus to IFN-�. (A) siRNA knock-
down of RNase L. A549 cells were transfected with either RNase L (RNL)-
specific siRNAs or a control siRNA for 24 h. The cells were then treated with 100
units�ml IFN-� for 6 h, followed by infection with WT or R38A virus at an moi
of 5. Virus production was assayed as described in Materials and Methods. The
depletion of RNase L was assayed by an immunoblot of extracts of cells
collected after IFN-� treatment. The production of OAS resulting from IFN-�
treatment was monitored by immunoblotting using antibody against the
OAS1 isomer (12). (B) Mouse RNase L knockout cells. Mouse RNase L�/� and
RNase L�/� cells were treated with 100 units�ml IFN-� for 6 h. The cells were
then infected with WT or R38A mutant virus at an moi of 5, and virus
production was assayed as described in Materials and Methods.
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R38A mutant virus was inhibited 1,000-fold. Using both RNA
interference in A549 cells and mouse knockout cells, we
showed that this enhanced sensitivity to IFN-�-induced anti-
viral activity was due largely, but not totally, to the activation
of RNase L. In the absence of RNase L, the sensitivity of the
R38A mutant virus to IFN-�-induced antiviral activity was
relieved 100- to 200-fold.

These results show that the dsRNA-binding activity of the
NS1A protein is responsible for rendering influenza A virus
resistant to the antiviral activity of the IFN-���-induced 2�-5�
OAS�RNase L pathway. Because the activation of RNase L is
totally dependent on the dsRNA activation of 2�-5� OAS (29), it
is likely that the primary role of dsRNA binding by the NS1A
protein is to sequester dsRNA away from 2�-5� OAS. The NS1A
protein would be expected to effectively compete with 2�-5� OAS
for dsRNA based on the relative affinities of these two proteins
for dsRNA. Unlike the majority of cellular proteins, 2�-5� OAS
does not bind dsRNA via a dsRBD domain (32). Because 2�-5�
OAS has a very low affinity for dsRNA, investigators have found
it necessary to use a crosslinking method to stabilize the 2�-5�
OAS–dsRNA complex (32). In contrast, the NS1A protein–
dsRNA complex remains intact during gel shift and other assays
(10, 11), indicating that the NS1A protein likely has a higher
affinity for dsRNA than 2�-5� OAS.

Activation of the 2�-5� OAS�RNase L pathway does not
account for the totality of the enhanced sensitivity of the R38A
virus to the antiviral state induced by IFN-�. In the absence of
RNase L, the sensitivity was reduced by 100- to 200-fold,
indicating that the remaining 5- to 10-fold increased sensitivity
is likely due to another dsRNA-dependent, IFN-�-induced
activity. Other than PKR and 2�-5� OAS, the only known
IFN-�-induced enzymes that bind dsRNA are dsRNA-specific
adenosine deaminases (ADARs), which catalyze A-to-I editing
in dsRNAs (28). ADARs have the potential for antiviral
activity, as shown by the inhibition of the replication of
hepatitis D viral RNA replication resulting from ADAR-
mediated RNA editing (33). It is not known whether ADAR
RNA editing plays a similar role in the replication of inf luenza
A viral RNA, or whether the NS1A RNA-binding domain
would effectively compete with the high-affinity dsRBD do-
mains of ADAR for dsRNA. Another possibility is that there
are one or more dsRNA-dependent, IFN-�-induced antiviral
proteins that have not yet been identified.

Our results show that the functions attributed to dsRNA
binding by the NS1A protein, as assayed by overexpression of the
NS1A protein in transient transfection experiments (34–38), do
not correspond to the actual function of NS1A protein-mediated
dsRNA binding in influenza A virus-infected cells, as identified
here. Further, we demonstrate here that the RNA-binding
activity of the NS1A protein does not have a role in inhibiting the
influenza A virus-induced synthesis of IFN-� mRNA, disproving
the hypothesis that NS1A dsRNA binding has such a role (5, 24,
34, 35, 39). In contrast, it has been definitively established that
the NS1A protein effectively inhibits the production of IFN-�
mRNA by another mechanism: it binds CPSF30, thereby inhib-
iting the production of mature cellular mRNAs, including IFN-�
mRNA (6, 7, 13). Recombinant viruses that express an NS1A
protein containing a mutated binding site for CPSF30 are highly
attenuated and induce the production of a substantially in-
creased amount of IFN-� mRNA (7, 27). In addition, we have
shown that this NS1A-binding site is a potential target for the
development of antivirals, because blocking the access of
CPSF30 for this NS1A site results in increased production of
IFN-� mRNA and the inhibition of virus replication (27).
Because inhibition of IFN-� mRNA production occurs in the
nucleus of influenza A virus-infected cells, a failure of the NS1A
protein to enter the nucleus would be expected to result in
substantially increased production of IFN-� mRNA. In fact, this

is the phenotype of the WSN virus expressing an NS1A R38A,
K41A mutant protein that remains in the cytoplasm (24). The
phenotype of another recombinant virus expressing a mutant
NS1A protein that is largely cytoplasmic (36) can likely be
attributed at least in part to the inability of the mutated NS1A
protein to carry out its essential nuclear functions.

The RNA-binding domain of the NS1A protein, which is
conserved among influenza A virus strains, has several proper-
ties that make it a promising target for the development of
antivirals: it is required for efficient replication of influenza A
virus, as documented here; and its six-helical chain fold is unique
and differs from the consensus dsRBDs found in cellular pro-
teins (16–20). Antivirals directed against this viral target would
be expected to be effective against all influenza A viruses,
including the highly virulent H5N1 viruses.

Materials and Methods
Generation of Recombinant Influenza A�Udorn�72 Virus from Cloned
DNA. Position 38 in the NS1A protein of influenza A�Udorn�72
virus was changed from R to A by PCR mutagenesis, and the
resulting DNA was cloned into pHH21. This plasmid, plus the
seven pHH21 plasmids encoding the other Udorn genomic
RNAs, was cotransfected into 293T cells, along with the four
plasmids encoding the polymerase (PB1, PB2, PA) proteins and
nucleocapsid protein (NP). Culture supernatants were collected
when a positive hemagglutinin (HA) assay titer was observed.
Virus was titered by plaque assay on MDCK cells, and individual
plaques were amplified in 10-day-old embryonic chicken eggs at
34°C. Amplified virus was titered by plaque assay, and all of the
genomic RNA segments were sequenced. The generation of the
CPSF mutant virus (L at position 144 of the NS1A protein
mutated to A) has been described (27). The inf luenza
A�WSN�33 virus expressing an NS1A protein with a mutated
RNA-binding domain (R38A, K41A) was kindly provided by A.
Garcia-Sastre (24).

Virus Infection and IFN Treatment. For multiple cycle growth,
MDCK cells were infected at an moi of 0.001 pfu per cell with
either WT or R38A mutant influenza A�Udorn�72 and were
incubated at 37°C in serum-free DMEM supplemented with 2.5
�g�ml N-acetylated trypsin (NAT). An aliquot of the medium
was harvested every 12 h, and virus production was measured by
plaque assay in MDCK cells. For single-cycle infection, A549
cells or mouse cells [RNase L�/� or RNase L�/�, kindly provided
by R. Silverman (30)] were infected at an moi of 5 pfu per cell
with either WT or R38A mutant influenza A�Udorn�72. After
1 h of incubation, the inoculum was removed, and the cells were
washed twice with DMEM and then overlaid with DMEM. The
medium was assayed for virus production by plaque assay in
MDCK cells. Where indicated, the cells were pretreated with 100
units�ml IFN-� (Berlex Biosciences, Richmond, CA) for 6 h
before virus infection.

Immunofluorescence. HEL 299 cells were infected with the viruses
indicated in Fig. 2 at an moi of 3 pfu per cell. At 7 h after
infection, cycloheximide (100 �g�ml) was added for 1 h to
eliminate the background of newly synthesized NS1A proteins in
the cytoplasm. Cells were fixed with 4% paraformaldehyde for
20 min at room temperature, permeabilized with 0.1% Triton
X-100 (PBST), and incubated with rabbit anti-NS1A antibody
for 1 h at 25°C. The cells were washed with PBST and incubated
with fluorescein isothiocyanate-conjugated goat anti-rabbit an-
tibody for 1 h at room temperature. The cells were then
examined by confocal microscopy as described (14).

Assay for Viral Protein Synthesis. A549 cells were infected with
either WT or R38A mutant influenza A�Udorn�72 at an moi of
5 pfu per cell. At various times after infection, cells were washed
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twice with methionine-free DMEM, and 5 �l of a mixture of
[35S]methionine and [35S]cysteine (Promix; Amersham Pharma-
cia) was added in a final volume of 1 ml of serum-free DMEM,
followed by incubation for 30 min at 37°C. After incubation, cells
were washed twice with PBS and lysed in 200 �l of Laemmli
sample buffer. An aliquot was loaded onto 15% SDS-
polyacrylamide gels for analysis by autoradiography.

Measurement of IFN-� mRNA by Real-Time Quantitative RT-PCR. A549
cells were infected with WT, R38A mutant, or CPSF mutant
influenza A�Udorn�72 at an moi of 5 pfu per cell. At the times
indicated in Fig. 3C, the cells were collected, and total RNA was
extracted by using TRIzol (Invitrogen). For each sample, 1 �g
of total RNA, which corresponds to equal cell equivalents, was
reverse transcribed by using an oligo(dT) primer to generate the
DNA complementary to all mRNAs. The amount of IFN-�

mRNA was then determined by using the TaqMan Gene Ex-
pression Assay (Applied Biosystems) as described (27).

siRNA Interference. A549 cells were transfected with either a pool of
siRNAs specific for human RNase L (SMART pool; Dharmacon
Research, Lafayette, CO) or a control siRNA directed against
E6AP. The final concentration of siRNA was 100 nM, and the
transfection reagent was Oligofectamine (Invitrogen). At 24 h after
transfection, the cells were treated with IFN-� for 6 h and then
infected with WT or R38A mutant virus. Depletion of RNase L was
verified by immunoblotting by using anti-RNase L antibody (In-
vitrogen), with an immunoblot using anti-tubulin antibody (Santa
Cruz Biotechnology) serving as the loading control.

We thank Robert H. Silverman for providing RNase L knockout mouse
cells. This investigation was supported by National Institutes of Health
Grant AI-11772 (to R.M.K.).
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